A strain of Ralstonia sp. FD-1 capable of using 4-fluoroaniline (4-FA) as the sole carbon and nitrogen source was investigated for its ability to utilize 4-FA isomers (2-FA, 3-FA) and homologs (2,4-DFA, 3,4-DFA, and 2,3,4-TFA). Both 4-FA and 3-FA could be mineralized as the sole carbon and nitrogen source by FD-1. 2-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA could not be degraded by FD-1, respectively, and were selected as secondary substrates for cometabolism with 500 mg/L 4-FA as growth substrate. Bacterial growth (OD 600 ), F − concentrations, and fluoroanilines contents were measured to determinate the degradation ability of 4-FA isomers and homologs by FD-1. FD-1 growth was inhibited by 2,4-DFA, 3,4-DFA, and 2,3,4-TFA at higher concentrations (400 mg/L), except for 2-FA. Complete fluoroanilines degradation was achieved while incomplete defluorination was characterized by the stoichiometric fluoride release indicating partial degradation but not total mineralization. When fluoroaniline was supplied to the resting cells of strain FD-1, a relatively effective removal was showed. Strain FD-1 had broadened application prospect of toxicity and low nutrition fluoroanilines wastewater.
Introduction
With the recognition of the novel characteristics of fluorine and the development of the fluorine industry, fluorinated compounds are playing increasingly important roles in numerous industries and our daily life. Since most fluorides are highly stable and relatively safe, fluorinated chemicals are extensively used in the marketplace for various functions, such as agriculture, pharmacy, textiles, and military manufacturing [1] [2] [3] [4] . However, the increasing application of fluorinated chemicals has resulted in unavoidable contamination, which has led to accumulation in the environmental matrix, making them an increasing risk to human health and living things [5, 6] . Inadequate disposal of these pollutants can cause significant toxicity on organisms, such as inhibition of enzyme activities, interruption of cell-to-cell communication, disruption of membrane transportation, and reduction of energy generation [7] . Therefore, the remediation on fluorine contamination should be paid more attention.
The major reported fluorinated compounds remediation techniques containing electrochemical and electrokinetic methods are expensive and likely to produce secondary pollutants in the environment [8, 9] . To overcome these problems, microbial degradation of contaminants is firmly favored because of its thorough degradation, effective cost, and ecofriendly pathway [10] [11] [12] . Microorganisms are ubiquitously filled in the nature and have tremendous metabolic ability to utilize most toxic compounds as sources of energy and nutrient for growth. Some of them possess specifically characteristic degrading enzymes for biodegradation of pollutants into nontoxic substances [13] . However, owing to the distinct properties of fluorine such as a large van der Waals radius (1.45Å, which is between that of hydrogen and oxygen), a high electronegativity (4.0 is the strongest of all atoms), and a strong carbon-fluorine (C-F) bond energy (C-F, 485 kJ/mol; C-H, 414 kJ/mol; C-OH, 359 kJ/mol; C-C, 345 kJ/mol; CCl, 339 kJ/mol) [14] , only a small number of bacteria capable of degrading fluorinated compounds have been isolated 2 Journal of Chemistry [15, 16] . Since most of the organofluorinated compounds are biorefractory [7, 17] , all isolated fluorine-degrading bacteria are precious to fluorine-contaminated bioremediation.
Though many refractory organisms could not be utilized by isolated bacteria as the sole source of carbon, nitrogen, and energy, these pollutants could be transformed by some isolating bacteria as non-growth supporting substrate, generally in the presence of a growth supporting substrate, a process termed cometabolism [18] . Cometabolism was proved to be useful for degrading a variety of minimally degradable compounds, especially isomers and homologs of an identified parent compound [13, 19] . Definitely, cometabolism broadens the application of microbial degradation on fluorine contamination remediation.
Because of chemical synthesis and biotransformation, a considerable number of nondegradable and notorious fluorine pollutants exist in the environment [20] . According to "Integrated Wastewater Discharge Standard" in China (GB 8978-1996) , fluoride concentration was limited under 10 mg/L. To our knowledge, 50-500 mg/L of 4-fluoroaniline (4-FA), 2-fluoroaniline (2-FA), 3-fluoroaniline (3-FA), 2,4-difluoroaniline (2,4-DFA), 3,4-difluoroaniline (3,4-DFA), and 2,3,4-trifluoroaniline (2,3,4-TFA) partially or together exist in industrial wastewater (such as the Juhua Group Corporation (Quzhou, China)). To so many refractory fluorides, cometabolism has great potential in their treatment.
As reported by our previous study [21] , a strain of Ralstonia sp. FD-1 was isolated. This strain can totally degrade 500 mg/L 4-fluoroaniline (4-FA) within 24 h. The highest content of 4-FA that was tolerated and degraded by strain FD-1 was 1250 mg/L. Thus, strain FD-1 probably has great potential to metabolize or cometabolize other varieties of fluoroanilines besides 4-FA.
Therefore, in order to tap the potential of 4-FA degrading bacteria Ralstonia sp. FD-1 on the fluoroaniline pollutant treatment, 4-FA isomers and homologs, including 2-FA, 3-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA, were selected for degradation by Ralstonia sp. FD-1. In particular, the cometabolism biodegradation of these isomers and homologs by FD-1 with 4-FA as growth substrate was investigated. Finally, resting cell catalysis and crude enzyme degradation of fluoroanilines were conducted to understand the preliminary mechanism responsible for the cometabolism reactions carried out by strain FD-1 [22] .
Materials and Methods

2.
1. Bacterium, Medium, and Reagents. Ralstonia sp. FD-1, a 4-FA-degrading strain, was isolated from Linhai wastewater treatment plant (Zhejiang, China) and conserved in our lab [21] .
Mineral salt medium (MSM) was used for culturing strain FD-1 [23] 
Cometabolic Degradation of Fluoroanilines by FD-1 with 4-FA as the Growth Substrate.
Five concentrations of secondary substrate fluoroanilines (0, 50, 100, 200, and 400 mg/L) were used for the cometabolism experiments. The growth substrate was 500 mg/L of 4-FA, which was the optimal concentration for FD-1 growth as determined in our previous study [21] . Cultivation was carried out in a 150 mL Erlenmeyer flask with 50 mL MSM. The cultures were sampled for analysis of FD-1 growth and fluoroaniline degradation and defluorination extent. The defluorination extent was evaluated by the concentration of fluorine ion in the culture.
Degradation of Fluoroanilines by Resting Cells and Crude
Enzyme. Strain FD-1 was cultured in MSM with 500 mg/L 4-FA at 30 ∘ C and pH 7 for 20 h. The cells in logarithmic growth phase were collected by centrifugation at 8640 g for 10 min and then washed three times with phosphate buffer solution (PBS, pH 7.4). Afterward, the strain FD-1 was collected as the resting cells. Resting cells were inoculated into 50 mL MSM with 200 mg/L fluoroaniline at 30 ∘ C and pH 7. The initial OD 600 of resting cells in MSM was adjusted to 0.38 for degradation analysis.
Analytical Methods.
Bacterial growth was measured by optical density at 600 nm (OD 600 ) using an UNICO 2000 spectrophotometer.
The fluoroaniline concentrations were determined using a Waters high-performance liquid chromatography (HPLC) system equipped with a Waters e2695 spectrophotometer and Waters 2489 UV/visible detector. Detection conditions were as follows: mobile phase of methanol/water at a ratio of 70 : 30, detection wavelength 230 nm, temperature 35 ∘ C, flow rate 1 mL/min, and injection volume 10 L on an XBridge C18 column (5.0 m and 4.6 mm × 250 mm column).
The F − concentration was measured by a Metrohm 882 compact ion chromatography plus with a flow rate of 0.7 mL/min and sodium carbonate/sodium bicarbonate as the effluent.
Results and Discussion
Bacterial Growth with Fluoroanilines as the Sole Carbon and Nitrogen
Source. Our previous study [21] had demonstrated that Ralstonia sp. FD-1 can use 4-FA (even to 1250 mg/L) as the sole carbon and nitrogen source. In addition to 4-FA, other fluoroanilines, 2-FA, 3-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA, were also tested individually as the sole carbon and nitrogen source for strain FD-1. The dynamic growth of FD-1 was shown in Figure 1 . When cultured in 4-FA containing MSM, the growth of strain FD-1 reached a maximum OD 600 within 24 h at 30 ∘ C and pH 7. While in 3-FA containing MSM, a maximum OD 600 was reached at 60 h under 30 ∘ C and pH 7. However, no apparent bacterial growth was observed when 2-FA, 2,4-DFA, 3,4-DFA, or 2,3,4-TFA was employed as the sole carbon and nitrogen source.
After 72 h of incubation, the F − concentration in the culture using each fluoroaniline as the sole carbon and nitrogen source was measured. If the fluoroaniline was totally defluorinated, the F − concentration should be equal to the theoretical F − concentration. Instead, if the detected F − concentration was lower than the theoretical one, it is suggested that the fluoroaniline was partially defluorinated. As shown in Figure 2 These results indicated that 3-FA as well as 4-FA can be employed by strain FD-1 as the sole carbon and nitrogen source and energy supply. However, 2-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA were difficult to be biodegraded by strain FD-1. These were corresponding to the limited reports on the microbial degradation of fluoroanilines [24] .
Cometabolism Biodegradation of Fluoroanilines with 4-FA as the Growth Substrate.
Since the first report by Leadbetter and Foster [25] and its bioremediation application by J.-T. Wilson and B.-H. Wilson [26] , cometabolism has been used for degradation of reluctant organic pollutants [27, 28] . Due to nearly no degradation of 2-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA by strain FD-1, all of these were selected as secondary substrates, while 4-FA was added as the growth substrate. Figure 3 . In the 2-FA cometabolism system, there were no differences of bacterial growth among the various concentration treatments. After 24 h of incubation, the maximum OD 600 was achieved. However, bacterial growth in the presence of 400 mg/L of 2,4-DFA, 3,4-DFA, and 2,3,4-TFA was significantly lower than that in nonpresence of these three kinds of secondary substrates. The results suggested that higher than 400 mg/L of 2,4-DFA, 3,4-DFA, and 2,3,4-TFA would likely inhibit the growth of strain FD-1.
Bacterial Growth. Bacterial growth under different cometabolism systems is illustrated in
4-FA Degradation.
As the growth substrate, 4-FA is served as the main source of carbon, nitrogen, and energy for strain FD-1 in the cometabolism systems. Thus, its degradation by strain FD-1 was analyzed, which was shown in example, 3,4-DFA degradation at 50, 100, 200, and 400 mg/L cometabolism treatments was 100.0%, 72.7%, 66.3%, and 48.9%, respectively. In the 2,3,4-TFA cometabolism system, 100%, 81.2%, 73.6%, and 71.3% of 2,3,4-TFA were degraded by strain FD-1 in the presence of 50, 100, 200, and 400 mg/L cometabolism treatments, respectively. Notably, with the increasing of 3,4-DFA and 2,3,4-TFA initial concentrations, their degradation decreased. This is possibly due to the varying toxicities of the different fluoroanilines toward strain FD-1 [29] . Taking the fluoroanilines removal degradation into account, strain FD-1 is very useful for fluoroaniline bioremediation by cometabolism with 4-FA as the growth substrates.
Defluorination.
Cometabolism of most complicated organisms can be divided into two kinds: partial degradation or complete mineralization. The higher F − concentrations detected generally mean easier subsequent treatment to these metabolites. Thus, the degree of defluorination was evaluated. As shown in Figure 6 , all detected F − concentration at 72 h was higher than the one only existence of 4-FA, but lower than the theoretic ones. It suggested that strain FD-1 could metabolize other fluoroanilines by partial degradation but not total mineralization. In addition, with the increasing of initial concentrations of 2-FA and 2,4-DFA, the detected F − concentrations increased. Meanwhile, there were nearly no differences among different treatments in both 3,4-DFA and 2,3,4-TFA cometabolic systems. It was also suggested that the toxicity from 3,4-DFA and 2,3,4-TFA was higher than that from 2-FA and 2,4-DFA on strain FD-1, which was consistent in with a study about toxicity of fluoroanilines [30] . Notably, partial defluorination was detected. It means the fluorine substitution of the certain fluoroanilines was reduced into the solution. The more halogen substitutions a fluoroaniline has, the more toxic it usually is; the less halogen substitutions a fluoroaniline have, the easier it could be degraded [31] . Thus, taking the subsequent degradation of fluoroanilines into account, it was useful for strain FD-1 applied to the fluoroanilines bioremediation, even just biotransformation.
Resting Cells Removal of Fluoroanilines.
In cometabolism systems, versatile bacteria usually synthesize enzymes in the presence of a growth substrate, and then the secondary substrates are degraded by the induced enzymes [32, 33] . Thus, strain FD-1 was incubated in 4-FA culture; after entering into logarithmic growth phase, resting cells were prepared for other fluoroanilines' removal. As shown in Figure 7 , the degradation efficiency of 2-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA was 3,4-DFA < 2-FA < 2,4-DFA < 2,3,4-TFA in order. All fluoroanilines could be removed efficiently by resting cells. It suggested that, similar to other cometabolic systems, some induced enzymes played an important role in these cometabolic ones. In our previous study, catechol 2,3-dioxygenase was detected to be essential to 4-FA degradation [21] . 2,3-Dioxygenase was also found to play an important role in fluorobenzoic acid degradation by other bacteria [34] . According to Cardy et al. [35] , most induced enzymes oxygenases play critical roles in the cometabolic process in aerobic cometabolism systems. It implied catechol 2,3-dioxygenase is the key induced enzyme for fluoroanilines degradation, which would be studied further in our lab.
Resting cells were a special kind of cells, which could process energy metabolism even on serious shortage of nutrition. It is known to us all that fluorine-containing wastewater was lacking nourishment and the period of cultivating bacteria was inefficient. Thus, the effective degradation of resting cells had broadened application prospect. 
Conclusions
The isolated strain FD-1 could use 4-FA and 3-FA as the sole carbon and nitrogen source and energy supply. However, the fluoroanilines, 2-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA, could not be used as the growth substrates but could be cometabolized as secondary substrates by Ralstonia sp. FD-1 with 4-FA as the growth substrate. With 4-FA as the growth substrate, 2-FA, 2,4-DFA, 3,4-DFA, and 2,3,4-TFA could be removed by strain FD-1. In addition, these fluoroanilines could be also removed by resting cells of strain FD-1 efficiently. Taking the toxicity of fluoroanilines and low nutrition in the fluoroanilines wastewater into account, strain FD-1 has great potential to fluoroanilines wastewater treatment. 
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